؉ /CD8 ؉ T-cell immune responses persisted for more than a year after challenge and even accompanied antigenic modulation throughout the control of chronic infection. Importantly, strong preexposure HIV-1/simian immunodeficiency virus-specific CD4 ؉ T-cell responses did not prove deleterious with respect to accelerated disease progression. In contrast, in this setting, animals with strong vaccine-induced polyfunctional CD4
The global spread of human immunodeficiency virus (HIV) has reached pandemic proportions (http://www.unaids.org). Despite more than two decades of research since the discovery of HIV as the etiologic agent of AIDS, the development of an effective HIV type 1 (HIV-1) vaccine remains an unfulfilled priority. While it is generally accepted that ultimately a prophylactic HIV-1 vaccine should induce both humoral and cellmediated immune responses to a number of different HIV antigens (40, 63) , envelope-based immunogens capable of inducing broadly neutralizing responses currently are not available (13, 79, 98) . Recent approaches have focused on vaccines capable of inducing potent CD8 ϩ T-cell responses to control the virus load, to reduce transmission, and to slow disease development (26, 53) . Evidence from both humans and nonhuman primates for the role of T-cell responses in the control of HIV includes the correlation between HIV-specific CD8 ϩ T cells and the control of plasma viremia (51, 52, 99) ; the association of certain restricting major histocompatibility complex (MHC) class I alleles, conserved T-cell epitopes, and slow disease progression (14, 27, 28, 48, 55, 59, 61, 64, 70, 72, 90, 100) ; and the rapid increase in viral load after experimental CD8 ϩ lymphocyte depletion in simian immunodeficiency virus (SIV)-or simian-human immunodeficiency virus (SHIV)-infected rhesus macaques (2, 54, 86) , providing a strong rationale for the development of T-cell-based vaccines. Recently the quality of the HIV-specific CD8 ϩ T cells associated with the control of HIV-1 virus loads in human long-term nonprogessors has been described, revealing characteristics of a polyfunctional profile simultaneously capable of degranulation and of producing gamma interferon (IFN-␥), interleukin-2 (IL-2), tumor necrosis factor alpha (TNF-␣), and macrophage inflammatory protein 1-␤ (9) . In contrast, while anti-HIV CD8 ϩ and CD4 ϩ T-cell responses have been demonstrated to have a positive effect on controlling virus loads, HIV-1-specific CD4 ϩ T-cell responses also have been implicated as being deleterious. Indeed, the finding that HIV-1 preferentially infects HIVspecific CD4
ϩ T cells has suggested a possible contraindication for the prophylactic induction of strong HIV-1-specific CD4 ϩ T-cell responses (12, 23) . Two of the leading poxvirus-based vaccine vector candidates for the delivery of HIV antigens for the induction of T-cellmediated immune responses include modified vaccinia virus Ankara (MVA) and New York vaccinia virus (NYVAC) vectors. Following the successful global eradication of smallpox in the 1970s, attenuated vaccinia vectors now have the advantage of the relative absence of preexisting immunity to poxvirus in the large young human population at risk for HIV-1 infection. In animal models, MVA as a vaccine vector has been found to induce very immunogenic responses to its inserts when administered by systemic and mucosal routes as well as providing protection against various infectious agents, including immunodeficiency viruses (for reviews, see references 18, 30, and 92) . The NYVAC vector is derived from the vaccinia virus strain Copenhagen (94) , is able to express multiple antigens from a wide range of species (93) , and has been evaluated in several preclinical and clinical trials (7, 29, 45, 66, 87) . The complements of genes that have been altered, modified, or lost are very different between these two vectors, as has recently been revealed by gene profiling (36) . In studies on human monocyte-derived dendritic cells (MDDC) infected with either MVA or NYVAC vector (37) , type 1 IFN, IL-6, and toll-like receptor pathways were selectively induced by MVA at the mRNA level (37) . Although IL-12␤, IFN-␤, and TNF-␣ were upregulated by both vectors, they were increased to higher levels by MVA than by NYVAC. In mice, a comparison of the immune responses revealed a greater magnitude of T-cell responses to HIV-1 inserts expressed by MVA than those expressed by NYVAC (33) . However, differences in polyfunctional T-cell subsets have not been explored in either human or nonhuman primates.
Here, we have undertaken a detailed head-to-head comparison between MVA and NYVAC vectors expressing identical SIV/HIV-1 gene inserts. The study design utilized the DNA prime/poxvirus boost strategy (4, 15, 22, 34, 38, 41-43, 49, 58, 65, 68, 80) . The immunization protocol was based on the same EuroVacc clinical trial design as that recently completed with human volunteers (39) . Vaccine constructs contained identical SIV/HIV-1 antigen inserts to allow a proper immunologic comparison of MVA-and NYVAC-based vectors. As HIV-1 Env was one of the dominant immunogenic components, efficacy subsequently was evaluated in the SHIV model of AIDS in rhesus macaques (Macaca mulatta of Indian origin).
MATERIALS AND METHODS
Vaccines. (i) DNA immunogens HIV-1 Env and SIV Gag-Pol-Nef. SIV mac239 pcDNA-gag-pol-nef and SHIV 89.6P pcDNA-env (KB9 molecular clone; 47) constructs were made and provided by R. Wagner (University of Regensburg, Germany). The techniques used for the construction of synthetic polygenes were similar to those that were used for preparing the pcDNA-gag-pol-nef of HIV-1 IIIB (20) and pcDNA-env of Chinese clade C HIV-1 strain CN54 (88), as described elsewhere (33) .
RNA-and codon-optimized gag-pol-nef and env gene vector inserts were designed by Geneart AG using the GeneOptimizer software package. This procedure allows several parameters to be optimized in parallel, including the adaptation of the coding sequence to human codon usage (96) and the elimination of cryptic splice sites, AU-rich sequence clusters, palindromic sequences, direct repeats, and unfavorable restriction sites, and the introduction of favorable sequence elements, e.g., the 5Ј Kozak sequence. SIV mac239 gag-pol-nef and SHIV 89 .6P env (gp120) sequences were used. The codon-optimized SHIV 89 .6P env construct comprises 1,500 nucleotides (nt) encoding an artificial signal peptide (MDRAKLLLLLLLLLLPQAQ) followed by gp120 SHIV 89.6P . The 5Ј part of the 4,254-nt SIV mac239 gag-pol-nef polygene construct encodes the groupspecific antigen with a G2A modification that renders this polyprotein myristylation deficient. The gag sequence is followed by a 952-bp fragment containing the 5Ј part of pol, including a D577N mutation leading to the inactivation of the viral protease. A 618-bp fragment containing a scrambled nef variant (the 5Ј end of nt 8170 to 8469 linked to the 3Ј end of nt 8470 to 8787) was fused to the 3Ј end of pol coding sequence, replacing the active site of the reverse transcriptase. The 3Ј pol reading frame (nt 2527 to 3591) lacking the integrase gene was extended by the 3Ј end of the scrambled nef gene. The sequence stretch (nt 2407 to 2514) encoding the active site of the reverse transcriptase (amino acids [aa] 1382 to 1417 in Gag-Pol-Nef) was translocated to the 3Ј end of the polygene construct, resulting in an open reading frame encoding the budding-defective ϳ160-kDa nonglycosylated artificial Gag-Pol-Nef polyprotein. A schematic representation of the Gag-Pol-Nef polyprotein is given in Fig. 1 . The synthetic SIV mac239 gag-pol-nef gene was cloned into the unique KpnI restriction site of the pCRScript Amp(ϩ) cloning vector (SrfI to KpnI in the 3Ј region of the synthetic gene; Stratagene, La Jolla, CA), resulting in the vector pCR-Script-C-syn-gag-pol-nef. The synthetic SHIV 89.6P env-gp120 gene was cloned into the SrfI and XhoI restriction sites of the pCR-Script Amp(ϩ) cloning vector, resulting in the vector pCR-Script-C-syn-env-gp120. The SrfI restriction site thereby was destroyed. The pCR-Script-based vectors were used to generate the DNA vaccine candidate plasmids. Both plasmids lack any antibiotic resistance gene and instead include several copies of a lacI repressor binding site. Upscaling was performed by Cobra Biomanufacturing Plc., Keele, Staffordshire, United Kingdom.
(ii) Generation of vaccine vectors. Both the NYVAC (94) and MVA vectors expressing SIV mac239 gag-pol-nef and SHIV 89.6P env were constructed as described elsewhere (32, 33) by using the DNA plasmids described above that were provided by R. Wagner and the pLZAW1 cloning vector that was provided by Sanofi-Pasteur. The resulting plasmids direct the insertion of the foreign genes into the thymidine kinase locus of the MVA and NYVAC genomes, allowing the construction of recombinant viruses lacking a selectable marker. The resulting MVA-89.6P-SIVGPN and NYVAC-89.6P-SIVGPN vaccine vectors contain two early/late promoters in a back-to-back orientation individually driving SHIV 89 .6P env and SIV mac239 gag-pol-nef genes. The vaccine vectors were purified through two 45% (wt/vol) sucrose cushions and titrated by being immunostained in chicken embryo fibroblasts. The genetic homogeneity and purity of the MVA-89.6P-SIVGPN and NYVAC-89.6P-SIVGPN vectors were confirmed by PCR analyses. The expression of 89.6P-gp120 and SIVGPN proteins by the vaccine vectors was confirmed by Western blotting.
Study design. The study comprised three groups of seven animals each plus two naïve, infection control animals (outbred rhesus macaques [Macaca mulatta] of Indian origin). At weeks 0 and 4, two groups of seven animals were immunized (primed) with DNA. Prior to administration, the DNA constructs pcDNA-gagpol-nef-SIV mac239 and pcDNA-env-SHIV 89 Eight weeks after the final immunization, all animals were challenged with 50 to 100 50% monkey infectious doses (MID 50 ) of the pathogenic virus strain SHIV 89 .6P (17, 47, 77, 78) , generously provided by N. Letvin (Beth Israel Deaconess Medical Center, Boston, MA), by the intravenous route (1 ml of a 1:1,000 dilution of the virus stock, containing 3.2 ϫ 10 4 50% tissue culture infectious doses/ml [1 ϫ 10 8 RNA equivalents/ml] and approximately 5 ϫ 10 4 MID 50 /ml). The study protocol and experimental procedures were approved by the institute's animal ethical care and use committee and were performed in accordance with Dutch law and international ethical and scientific standards and guidelines.
Enumeration of peptide-specific T-cell responses by IFN-␥, IL-2, or IL-4 ELISpot assays. The quantification of antigen-specific cytokine-secreting cells was performed on freshly isolated peripheral blood mononuclear cells (PBMC) by IFN-␥, IL-2, and IL-4 enzyme-linked immunospot (ELISpot) assays according to the manufacturer's instructions (U-Cytech, Utrecht, The Netherlands). The positive control was 1 g/ml staphylococcal enterotoxin B (SEB), while the negative control was medium alone. Antigen-specific responses were measured against the following peptide pools (5 g/ml each): 15-mers with an 11-aa overlap spanning the entire Gag-Pol-Nef polyprotein (provided by EuroVacc consortium; Synpep Corporation, Dublin, CA), and 20-mers overlapping by 10 aa and spanning the Env gp120 of SHIV 89 6 PBMC from triplicate assays minus background values (mean numbers of SFC plus twice the standard deviations of triplicate assays with medium alone). Mean SFC for each antigen (responses to both Gag pools were combined, as were those from the three Pol pools) were reported for individual macaques. Responses were considered positive if more than 50 SFC/ 10 6 PBMC (after background values were subtracted) were detected.
Phenotyping of T-cell responses by intracytoplasmic staining of cytokines.
The phenotype of responding T cells was analyzed by intracytoplasmic staining of cytokines and fluorescence-activated cell sorter (FACS) analysis as described elsewhere (6), with minor modifications. PBMC were incubated overnight in the presence of the costimulatory molecules CD28 and CD49d (2 g/ml each), with medium alone (negative control), with 1 g/ml SEB (positive control), or with 1 g/ml of the same peptide pools as those used in the ELISpot assay described above. Cells were stained with directly conjugated antibodies (Becton Dickinson and stained intracellularly with antibodies to IFN-␥ (APC labeled) and IL-2 (PE labeled) in perm/wash solution (BD Biosciences). A total of 100,000 to 200,000 events were acquired on the FACS Aria (BD Biosciences), and FACS Diva software was used for analysis. The two-proportion z test (two tailed) with a significance level of 0.05 was used to calculate whether antigen-specific responses were significantly greater than negative control responses. If yes, then the number of antigen-specific cytokine-producing T cells per 10 6 lymphocytes was calculated and is shown in the figures.
Antigen-specific proliferation. The proliferative capacity upon antigen stimulation of PBMC was investigated using the 5-(and 6-)carboxyfluorescein diacetate, succinimidyl ester (CFSE) proliferation assay as described elsewhere (57, 75) . Cells were stimulated with medium alone, the Gag peptide pool or the Env peptide pool (both at 4 g/peptide/ml), or concanavalin A (5 g/ml). Cells were incubated for 6 days at 37°C and 5% CO 2 . Cells were stained for viability with the Live/Dead fixable violet dead cell dye (L34955; Molecular Probes). Subsequently, cells were exposed to antibodies from BD Biosciences (CD3 APC [custom made], CD4 PerCPCy5.5 , CD8
APCCy7 ) CD14 ECD , and from Beckman Coulter (CD20 ECD ). Cells were fixed overnight in 2% paraformaldehyde at 4°C, and data were acquired on a FACS Aria (BD Biosciences). Responses that were greater than twice the background values were considered to be positive.
Gene array analysis. Human MDDC were infected with MVA or NYVAC and incubated for 6 h. Cells were collected and processed for RNA extraction. Chips carrying oligonucleotides from 19,256 genes were used to profile MDDC gene expression and hybridized cDNA samples from infected and uninfected (mock-infected) cells at 6 h postinfection as well as NYVACinfected samples versus MVA-infected samples at 6 h postinfection. In each analysis, genes with an interreplicative mean signal of less than 100 or an interreplicative standard deviation of greater than 1 were filtered out. The microarray labeling, slide treatment, and gene expression analysis were described previously (37) . The values in Table 1 are changes and were obtained from expression ratios. Ratio values of Ͻ1 were transformed into their negative reciprocals, i.e., the more negative a value is, the greater the downregulation it represents (a change of Ϫ2-fold is equivalent to a ratio of 0.5). The data for MVA versus NYVAC come from an independent hybridization, so variability with respect to the theoretical values calculated from the other two hybridizations is expected. 
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Virus neutralization assay. The neutralizing activity of the sera from immunized and infected rhesus macaques was assayed against the challenge virus strain SHIV 89.6P . Virus stocks were prepared on human PBMC. For the neutralization assay, 50 tissue culture infectious doses/ml of SHIV 89.6P were incubated with serum (final dilution, 1/15) from each animal in duplicate for 1 h at 37°C in a total volume of 150 l Dulbecco's modified Eagle's medium with 10% fetal calf serum in 96-well flat-bottomed culture plates. Freshly trypsinized TZM-bl cells (10,000 cells in 100 l medium containing 37.5 g/ml DEAEdextran) were added to each well. Control wells received cells plus virus (virus control) or cells only (background control) (97) . After 48 h of culture, supernatant was removed and 150 l lysis buffer (phosphate-buffered saline, 1% Triton, 1 mM CaCl 2 , and 1 mM MgCl 2 ) was added and incubated for 45 min at 4°C. One hundred microliters of cell lysate was transferred to 96-well black/white solid plates for the measurement of luminescence using a Victor 3 light luminometer. a The description, accession number, gene designation, and change in transcription levels are indicated for each gene in three different hybridizations. Change values were obtained from the ratio of intensities. The change is shown in boldface for genes that are significantly upregulated (Ͼ2-fold) or downregulated (ϽϪ2-fold) in MVA-infected versus mock-infected MDDC, NYVAC-infected versus mock-infected MDDC, or MVA-infected versus NYVAC-infected MDDC. Upregulation or downregulation of Ͻ2-fold is considered not significant. FBJ, Finkel-Biskis-Jinkins; GRO2, growth-related gene; MAL, myelin and lymphocyte protein.
One hundred microliters of Britelite reagent (Perkin Elmer) was added. The luminescence from samples before immunization (groups 1 and 2) or before challenge (group 3) was taken as equivalent to 100% of infected cells or alternatively as 0% neutralization.
Determination of plasma virus loads. The plasma virus load was determined with quantitative competitive RNA reverse transcription-PCR using plasma from EDTA-treated blood samples (95) . The lower detection limit was 40 RNA equivalents/ml.
T-lymphocyte subset analysis. Quantitative changes in PBMC subsets after challenge were monitored by FACS analysis as previously described (62 Nucleotide sequence accession number. The DNA sequence of MVA-89.6p-SIVGPN in the thymidine kinase viral locus has been deposited in GenBank under accession number EU359568 (see Table S1 in the supplemental material).
RESULTS

Antigen-specific IFN-␥, IL-2, and IL-4 ELISpot responses.
To investigate possible differences in the modulation of antigen-specific cytokine responses by the genetically distinct MVA and NYVAC vectors, we performed IFN-␥, IL-2, and IL-4 ELISpot assays to detect peptide-specific responses to each of the four vaccine-encoded antigens Env, Gag, Pol, and Nef. Priming with DNA induced low-level Env-specific cytokine responses (Fig. 2, top) . As anticipated, antigen-specific responses were further increased after boosts with either type of poxvirus vector, increasing IFN-␥, IL-2, and IL-4 responses to all vaccine antigens (Fig. 2) . The second poxvirus immunization resulted in an additional increase in the Env-specific IFN-␥ responses (for MVA, from 560 to 1,171 mean SFC/10 6 PBMC [P Ͻ 0.035]; for NYVAC, from 446 to 1,074 mean SFC/10 6 PBMC [P Ͻ 0.004]) and Gag-specific IFN-␥ responses (from 101 to 331 mean SFC/10 6 PBMC [P Ͻ 0.045] for MVA; Wilcoxon rank sum test). The highest observed response was to Env, which consistently scored positive in ELISpot assays during follow-up. This observation was entirely consistent with findings of the human clinical trial (39) .
Qualitative differences between poxvirus vector vaccine candidates reveal preferential CD8
؉ versus CD4 ؉ T-cell responses. Multiparameter intracellular FACS analysis was employed to determine the phenotypic characteristics of the cytokine-producing T-cell populations (Fig. 3A) . Following poxvirus vector immunizations, Env-specific cytokine-producing T cells were dominant in animals of both MVA and NYVAC groups (Fig. 3A and B) . This confirmed the ELISpot data but revealed that responses were mainly from CD4 ϩ T cells (Fig. 3A and B) of the central memory (CD45RA Ϫ / CCR7 ϩ ) and effector memory (CD45RA Ϫ /CCR7 Ϫ ) phenotypes (data not shown) in both groups. Additionally, five out of seven MVA-boosted animals also developed Env-specific cy- (Fig. 3B) . The frequency of IFN-␥-producing CD8 ϩ T cells was higher in MVA-boosted animals than in NYVAC-boosted animals (P ϭ 0.0187).
To further corroborate polyfunctionality by using FACSbased assays, the proliferative capacity of both CD4 ϩ and CD8 ϩ T-cell populations was studied in each animal from both immunization groups (Fig. 3C and D) . Proliferation was mainly Env specific, consistent with ELISpot and intracellular cytokine staining (ICS) data. In MVA-boosted animals, Envspecific proliferation was mediated by both CD4 ϩ and CD8 ϩ T cells, while in NYVAC-boosted animals Env-specific proliferation was preferentially mediated by CD4 ϩ T cells (Fig. 3C and  D) . Furthermore, Gag-specific proliferating CD4 ϩ T cells were detected in NYVAC-immunized animals (P ϭ 0.0074), while in MVA-boosted animals the Gag-specific proliferating T cells were CD8 ϩ (Fig. 3D ). The calculation of the relative contribution of CD4 ϩ and CD8 ϩ T cells to the total response revealed a significantly larger proportion of CD8 ϩ T-cell-mediated antigen-specific responses induced by MVA compared to those induced by NYVAC immunization (25% versus 7.3% of total cytokine responses [P ϭ 0.042] and 59.8% versus 31.4% of total proliferative responses [P ϭ 0.0227]).
Gene array analysis supports differential poxvirus vectorinduced CD4
؉ /CD8 ؉ T-cell responses. The reanalysis of gene profiling data from human dendritic cells (DC) activated by MVA or NYVAC infection (Table 1) (56) and the transcription factor NFAT5 (91) genes, genes involved in signal transduction (MAP2K5 gene) and cell cycle regulation (cyclin B1 gene) (60) , and members of the TNF family (5) are consistently upregulated in MVA infection. Interestingly, genes encoding proinflammatory cytokines such as TNF and IL-6 and CC chemokines such as SCYA3, SCYA4, and SCYA5 (RANTES), which are involved in the modulation of the immune response, are differentially expressed by MVA and NYVAC vectors. These profiling data support the preferential stimulation of CD8 ϩ T cells by MVA. In the case of NYVAC, it is significant that the expression of all of the above-described CD8 ϩ T-cellstimulatory genes is markedly reduced after virus infection of DC, further supporting a differential CD8 versus CD4 behavior between the two vaccine vector strains in vivo.
Vaccine efficacy against pathogenic challenge. After challenge, all animals became infected (Fig. 4) . Peak virus loads at 2 weeks after challenge ranged from 4.1 ϫ 10 3 to 2.5 ϫ 10 6 RNA copies/ml and were similar in all three groups (Fig. 4,  top) . Subsequently, virus loads in five control animals remained high and persisted in four of these five animals at above 10 5 RNA copies/ml, followed by ensuing AIDS-like disease. Upon necropsy, histology confirmed the diagnosis of AIDS, hallmarked by lymphoid depletion in the peripheral and mesenteric lymph nodes, spleen, gut-associated lymphoid tissue, and tonsils. In contrast to controls, six out of seven immunized animals from each group were able to reduce the virus load to below 10 4 RNA copies/ml (Fig. 4, top left) . Histological examination of lymphoid tissues upon necropsy revealed mild lymphoid depletion of gut-associated lymphoid tissue in only one animal of the MVA group (98051). All immunized animals remained healthy during the study period and showed prolonged survival compared to that of the control animals (Fig. 5) .
Absolute CD4 ϩ T-cell loss inversely correlated with virus load after challenge (Fig. 4, middle row) . In four of five control animals with high virus loads, a dramatic progressive loss of CD4 ϩ T cells occurred, while in another control animal a 10-fold reduction of absolute CD4 ϩ T-cell counts was observed. In both immunized groups (n ϭ 14), only the two animals that were unable to control virus load below 10 4 RNA copies/ml developed evidence of CD4 ϩ T-cell loss (Fig. 4) . A more sensitive indicator of changes within the CD4 ϩ Tcell population is the loss of the CD4 ϩ central memory T-cell subset (Tcm; CD4 ϩ /CCR7 ϩ /CD45RA Ϫ ) (71) . In control ani- ϩ Tcm was observed after challenge. In the immunized animals from both groups, the CD4 ϩ Tcm population remained relatively stable until 30 weeks after infection. Subsequently, a slow decline of the CD4 ϩ Tcm population also could be observed in these animals (Fig. 4, bottom) .
Changes in antigen-specific T-cell responses following infection. To further elucidate immune responses associated with protection from disease in the immunized groups, antigenspecific cellular immune responses were studied after challenge. Surprisingly, anamnestic T-cell responses were not observed immediately following challenge. This may have been due to an initial decline of antigen-specific IFN-␥, IL-2, and IL-4 responses in both vaccine groups (data not shown). In contrast to the control animals, HIV-1 Env-, SIV Gag-, and SIV Nef-specific IFN-␥ responses in vaccinated animals at 22 weeks after challenge were similar to those observed before challenge (Fig. 6, left) . These responses subsequently persisted until 41 weeks after challenge (Fig. 6, right) .
At the time of euthanasia (66 weeks after challenge for immunized animals and earlier for symptomatic control animals), antigen-specific cytokine induction was monitored intracellularly by polychromatic FACS analysis (ICS). In contrast to the prechallenge ICS data, postinfection responses were directed primarily against SIV Gag and, to a lesser extent, (Fig. 7A) . The Gag-specific CD4 ϩ T cells were of the central memory (CD45RA Ϫ /CCR7 ϩ ) and effector memory (CD45RA Ϫ /CCR7 Ϫ ) phenotypes, while the CD8 ϩ T cells were of the effector phenotype (CD45RA ϩ /CCR7 Ϫ ) (data not shown). Similarly to the situation prior to challenge, CD8-mediated cytokine responses were higher in the MVAboosted animals (P ϭ 0.0148 for SIV Gag) than in the NYVAC-boosted animals, and a relatively higher proportion of the total cytokine response was mediated by CD8 ϩ T cells in this group (74% for MVA versus 20% for NYVAC; P ϭ 0.0072). The predominant cytokine produced was IFN-␥, with a small contribution from IFN-␥ and IL-2 double-positive cells (Fig. 7A) . In contrast to controls, detectable levels of Env-and Gag-specific proliferating CD4 ϩ and CD8 ϩ T cells were observed in immunized animals at the time of euthanasia (Fig.  7B) . Although low, the frequency of Gag-specific CD4 ϩ proliferating T cells was significantly higher in NYVAC-boosted animals than in MVA-boosted animals (P ϭ 0.0416).
Neutralizing antibodies. As expected with this T-cell-based vaccine approach, prior to challenge there were insufficient neutralizing antibody responses to protect animals from infection (Fig. 8) . After challenge, neutralizing antibodies developed quickly in immunized animals (at similar rates in MVAand NYVAC-immunized animals) and were significantly higher at 6 weeks after challenge compared to antibody titers in controls (P ϭ 0.0012 for MVA versus controls and P ϭ 0.0023 for NYVAC versus controls).
DISCUSSION
This head-to-head study evaluated the immunogenicity and efficacy of two DNA prime/poxvirus boost HIV-1 vaccine candidates in the Indian rhesus macaque model of AIDS. Our results demonstrated that both poxvirus boosts were highly immunogenic, significantly boosting DNA-primed cellular immune responses to the HIV-1 and SIV inserts. This observation was consistent with earlier findings in which a broadening of the DNA-primed immune response to other (subdominant) epitopes by poxvirus boosting was reported (42, 83) . The Envspecific vaccine responses prior to challenge were dominant and mediated mainly by CD4
ϩ T cells. This may be attributable to the vaccine construct, which was designed such that the Env protein would be secreted, likely favoring CD4 ϩ T-cell responses (84) . The cause of the relative dominance of Env remains speculative and may be related to the level of antigen expression at the cellular level. However, Western blot analysis of MVA-and NYVAC-infected chicken embryo fibroblasts showed similar levels of expression of both Env protein and the polyprotein Gag-Pol-Nef. When the immunogenicity of these vaccine vectors was evaluated in HLA-A2 class I transgenic mice, a similar Env immunodominant response was observed (33) . Factors such as MHC binding affinity, the efficiency of epitope processing, and competition between T cells for access to antigen-presenting cells could contribute to the observed immunodominant response (32, 73, 81) .
Phenotypic analyses by ICS and CFSE proliferation assays revealed that the MVA vaccine vector induced CD8 ϩ T-cell responses in addition to CD4 responses, while the NYVAC vector boosted CD4 ϩ T-cell-mediated responses to a higher level than MVA. These differences were likely influenced by the different immune-modulatory effects that these poxvirus vectors have on their host cells. Moreover, in a recent study of mice that evaluated the biodistribution of MVA and NYVAC recombinant viruses, a more sustained infection was induced by NYVAC than by MVA (31) , which possibly influences the T-cell response. In contrast to CD8 ϩ T cells, for which a relatively short antigen pulse seems sufficient for antigen-presenting cells to drive clonal expansion and differentiation, antigen persistence is required for CD4 ϩ T cells throughout their expansion phase (69) . A human gene profiling analysis of MVA-infected HeLa cells has revealed an upregulation of immunomodulatory genes such as those encoding IL-1a, IL-6, IL-7, IL-8, and IL-15 (35) , which could create a proinflammatory microenvironment allowing the expansion of CD8 ϩ T-cell populations. The maintenance of specific CD8 ϩ memory T cells could contribute to MVA-induced expression of cytokines such as IL-15 (85) . Conversely, NYVAC induced much more cell apoptosis than MVA (36, 67) , resulting in vaccine antigens being processed through the endocytosis pathway, facilitating presentation by MHC class II molecules and, thus, favoring CD4 ϩ T-cell-mediated immune responses (44) . Alternatively, cross-presentation and stimulation of CD8 ϩ T-cell responses cannot be ruled out (1, 10) , and both phenomena likely contribute to the cumulative antigen-specific T-cell response. The preferential induction of HIV-specific CD4 ϩ T cells by the NYVAC vector did not result in a greater propensity for accelerated disease progression due to preferential infection and the loss of HIV antigen-specific CD4 ϩ T cells (23) , since both poxvirus vaccines induced similar levels of protection from disease progression and prolonged survival. Importantly, antigen-specific T cells induced by both NYVAC and MVA vectors were polyfunctional in that they were able to express both IFN-␥ and IL-2 simultaneously, showed proliferative capacity, and were of central memory (CD45RA Ϫ /CCR7 ϩ ) and effector memory (CD45RA Ϫ /CCR7 Ϫ ) phenotypes before challenge and of memory (CD4 ϩ /CD45RA Ϫ /CCR7 ϩ/Ϫ ) and effector (CD8 ϩ /CD45RA ϩ /CCR7 Ϫ ) phenotypes after challenge. It has been proposed that these phenotypes define effector CD8 T cells at an advanced stage of differentiation (16) . It remains to be determined whether these cells also actually exhibit cytotoxic potential. The induction of polyfunctional T cells by vaccinia virus immunization confirms earlier findings by others (76), but we have not investigated whether these were of the unusual phenotype (CD45RO Ϫ CD27 intermediate ).
The presence of polyfunctional phenotypes has been shown to correlate with a long-term nonprogressor status in rhesus macaques (82) and HIV-infected individuals (9, 11, 74) and to correlate with a beneficial control of virus load (2, 46, 101) . However, vaccine-induced T-cell and humoral immune responses were not sufficient to protect animals from SHIV 89.6p infection, but immunized animals that became infected were protected from disease progression for more than a year (66 weeks), while the majority of control animals developed evidence of AIDS-like disease. Others also have previously shown vaccine-induced control of the SHIV 89.6P load and protection from disease progression (3, 8, 19, 21, 24) . It is possible that protection is relatively easy to induce in the challenge model used (25) . It remains to be determined whether the observed equivalent protection mediated by differential CD4 and CD8 responses is restricted to the SHIV 89.6P challenge model or if similar results would have been obtained following challenge with the more pathogenic SIV mac239 . The majority of immunized animals in our study controlled virus loads and maintained CD4 ϩ T-cell numbers, including the CD4 ϩ Tcm population, at preinfection levels. The potential contributions of the various antigen-specific CD4 ϩ or CD8 ϩ T-cell-mediated mechanisms to the improved survival in the immunized animals need further investigation. The preservation of CD4 ϩ T cells in immunized and in control animals without disease allowed the development of neutralizing antibodies by B cells after challenge, which also may ultimately have facilitated long-term control.
The Env-dominant response observed prior to infection gradually shifted toward a Gag-dominant response following infection. The vaccine-induced Env-specific responses were mediated mainly by CD4 ϩ T cells, which are the targets for SHIV infection. Since all vaccinated animals became infected, the function and the number of these Env-specific CD4 ϩ T cells might have been transiently affected by the virus infection (50, 89) , even though no clear CD4 ϩ T-cell decline was observed. The postchallenge induction of Gag as well as Nef responses represents an anamnestic response preferentially observed in immunized animals. This underscores the conclusion that, despite the relative immunodominance of Env, immunization against the other vaccine antigens has been beneficial.
Although immunization did not protect against SHIV infection, viral loads were reduced after the acute phase, CD4 ϩ Tcm cells were maintained, and prolonged survival was induced. However, the relative loss of Env-specific responses, reduced CD4 responses, reduced IL-2 production (according to ELISpot and ICS assays), and reduced proliferative capacity after challenge would indicate an insidious loss of T-cell function, which may eventually have an effect on long-term survival. While both vaccine candidates induced similar levels of efficacy, this efficacy apparently was exerted through different mechanisms, which may have implications for the long-term management of the infection and future refinements in HIV vaccine design. 
